SCIENCE CHINA
Physics, Mechanics & Astronomy

. Article .

November 2020 Vol. 63 No. 11: 117012
https://doi.org/10.1007/s11433-019-1564-6

Electronic structure of LaIrIn5 and f-electron character in its
related Ce-115 compounds
†

†

Rui Zhou1,2 , XueBing Luo1 , ZhaoFeng Ding3, Lei Shu3,
XingYu Ji1, ZiHao Zhu3, YaoBo Huang4, DaWei Shen5,
ZhengTai Liu5, ZhongHao Liu5, Yun Zhang1* , and QiuYun Chen1*
1 Science

and Technology on Surface Physics and Chemistry Laboratory, Mianyang 621908, China;
of Engineering Physics, Tsinghua University, Beijing 100084, China;
3 State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200433, China;
4 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China;
5 Center of Excellence in Superconducting Electronics, State Key Laboratory of Functional Materials for Informatics,
Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China
2 Department

Received December 30, 2019; accepted April 17, 2020; published online August 6, 2020

LaIrIn5 is a reference compound of the heavy-fermion superconductor CeIrIn5 . The lack of f electrons in LaIrIn5 indicates that
there should not be any f electron participating in the construction of its Fermi surface. Thus the electronic structure comparison
between LaIrIn5 and CeIrIn5 provides a good platform to study the properties of f electrons. Here angle-resolved photoemission
spectroscopy (ARPES) measurements and density functional theory (DFT) calculations are performed to study the electronic
structures of LaIrIn5 and CeIrIn5 . We find the valence band structures of the two materials are similar to each other, except for the
absence of f bands in LaIrIn5 . By analyzing the Fermi crossings of the three conduction bands of the two materials quantitatively,
we find the volumes of the electron pockets α and β around the M′ point become larger from LaIrIn5 to CeIrIn5 , while the hole
pocket γ around the Γ′ point becomes smaller. Together with the calculation results, we confirm that this is mainly originated
from the f-electron contribution, while the lattice-constant diﬀerence between LaIrIn5 and CeIrIn5 only has a finite influence. We
also give a summary of the f-electron character in its related Ce-115 heavy fermion compounds. Our results may be essential for
the complete microscopic understanding of the 115 compounds and the related heavy-fermion systems.
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1 Introduction
The f-electron systems have attracted much attention
*Corresponding authors (Yun Zhang, email: thu zhangyun@126.com; QiuYun Chen,
email: sheqiuyun@126.com)
†These authors contributed equally to this work.

because of the involved complex many-body physics, such as
heavy-fermion state, quantum critical transition, and unconventional superconductivity [1-6]. The Kondo entanglement
between the f electrons and conduction electrons induces
the formation of quasiparticles with largely enhanced electron eﬀective masses and larger Fermi surface volumes [7],
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while the intersite Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between f electrons induces magnetically ordered
states in f-electron systems. The competition between the
Kondo eﬀect and RKKY interaction makes the ground states
of these systems quite complicated and easy to be tuned
by external conditions such as pressure, magnetic field, and
chemical doping [8-10]. Generally, with the increasing
Kondo hybridization strength between f electrons and conduction electrons, these systems will go through transitions
from magnetic ordered states, non-Fermi liquid behaviors,
heavy Fermi liquid states, even to the valence fluctuation
states [11].
The so-called 115 systems, including RMIn5 , where R represents rare earth elements, and M represents Co, Rh, or Ir,
crystallize in the layered tetragonal HoCoGa5 structure. The
Ce-115 systems have attracted much attention due to their
novel properties such as unconventional superconductivity in
CeCoIn5 /CeIrIn5 and antiferromagnetic state in CeRhIn5 at
ambient pressure [2]. With increasing pressure, the antiferromagnetic state of CeRhIn5 can be suppressed and superconductivity emerges. Superconductivity in these three compounds is highly related to the magnetism and quite similar
to cuprates and iron-based superconductors, providing a platform to study the mechanism of unconventional superconducting pairing [12].
Among the Ce-115 systems, the CeIrIn5 compound
owns the largest unit cell and smallest c/a ratio. Nuclear quadrupole resonance and angle-resolved photoemission spectroscopy (ARPES) studies lead to the conclusion
that the 4f electrons in CeIrIn5 are more itinerant than that
in CeCoIn5 and CeRhIn5 [13-15]. This is consistent with
the dynamical mean-field theory (DMFT) results, which indicates the formation of quasiparticle bands at low temperatures [7, 16]. De Hass-van Alphen (dHvA) experiments
also predict the volume of the Fermi surface becomes larger
from LaIrIn5 to CeIrIn5 , which suggests that the f electrons start to participate in the construction of the Fermi surface in CeIrIn5 [17]. This situation is quite similar to the
temperature-dependent experiments in CeIrIn5 , the f electrons of which become itinerant as temperature decreases.
To have a better understanding of the f-electron properties in
CeIrIn5 , it is important to know the electronic structure of its
reference compound LaIrIn5 and how the electronic structure
evolves from LaIrIn5 to CeIrIn5 . Electronic structure comparison between LaIrIn5 and CeIrIn5 provides a diﬀerent way
to understand the f-electron properties such as the localizeditinerant transition. However, a systematic electronic structure study of LaIrIn5 and a detailed electronic structure comparison between the two compounds are still lacking up to
now. In this paper, we provide a systematic electronic structure study of LaIrIn5 and CeIrIn5 . We find the valence band
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structures of the two materials are similar to each other, except for the absence of f bands in LaIrIn5 . The Fermi surface volume also changes from LaIrIn5 to CeIrIn5 , which is
mainly due to the f-electron contribution to the band structure, while the diﬀerent lattice constants between the two
compounds only have a finite influence. Our results may be
essential for the complete microscopic understanding of the
115 compounds and the related heavy-fermion systems.

2 Materials and methods
High quality single crystals of LaIrIn5 compounds were
grown by the In self-flux method. The samples were cleaved
in the ultrahigh vacuum chamber (< 2 × 10−8 Pa) along the
c axis. ARPES data shown in Figure 1 were collected at the
“BL03U” beamline of the Shanghai Synchrotron Radiation
Facility (SSRF), the end station of which was equipped with a
Scienta DA30 analyzer. The energy resolution of the ARPES
instrument is 5-10 meV and the angle resolution is about 0.2◦ .
Other ARPES data were collected at the “Dreamline” beamline of the SSRF with a Scienta DA30 analyzer. The angle
resolution is about 0.2◦ , while the energy resolution is about
17 meV. During the entire ARPES measurements, the base
pressure of the system is below 2 × 10−8 Pa.
The density functional theory (DFT) calculations were
performed by the VASP code [18]. The spin-orbit coupling eﬀect was taken into account in the calculations. The
Perdew-Burke-Ernzerhof (PBE) [19] pseudopotential was
used to describe the exchange-correlation potential. The
experimentally-determined crystal structure [20] was adopted
in the calculations. A k-mesh of 21 × 21 × 13 and an energy
cutoﬀ of 400 eV were suﬃcient to obtain converging results.
The k-meshes for the 2D and 3D Fermi surface calculations
were 60×60×1 and 22×22×14, respectively. For comparison,
the band structure of CeIrIn5 with experimentally-determined
crystal structure [20] was calculated assuming the 4f electrons were fully localized, with the rest input parameters of
CeIrIn5 the same as that of LaIrIn5 .

3 Results
The first Brillouin zone (BZ) of LaIrIn5 is sketched in
Figure 1(a). The experimental photoemission intensity map
and the corresponding theoretical Fermi surface of LaIrIn5
are shown in Figure 1(b) and (c). The topology of the Fermi
surface consists of three pockets schematically enveloped by
the contours with diﬀerent colors in Figure 1(c). The hole
pocket γ looks like cross patterns and mainly distributes
around the Γ-X direction. The electron pockets α and β are
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Figure 1 (Color online) Fermi surface and valence band structure of LaIrIn5 taken with 108 eV photon energy at 18 K. (a) Schematic first Brillouin zone of
LaIrIn5 . (b) Photoemission intensity map at EF integrated over a window of [EF − 10 meV, EF + 10 meV]. (c) Calculated Fermi surface contours at the Γ-M-X
plane. Photoemission intensity plots along (d) Γ′ -M′ and (e) X′ -M′ directions with the corresponding momentum distribution curves integrated over a window
of [EF − 100 meV, EF ]. The colored dashed lines are guides to eyes. Data shown in (b), (d) and (e) are obtained with LH polarized incident light. (f) Calculated
band structure for bulk LaIrIn5 along the X-M-Γ direction.

mainly centered at the M point. Previous dHvA oscillation
experiments indicate that the dHvA frequency of the electron
pocket α centered at the M point is approximately F=33594155 T (S F =0.321-0.397 Å−2 ) [21]. Here F is the dHvA frequency and S F is the maximum or minimum cross-section
area of the Fermi surface. By tracing the Fermi surface in
Figure 1(b) and (c), it is found that the area of the α pocket is
−2
about 0.354 Å , consistent with the results of dHvA experiments. Detailed band dispersions of the valence band structures of LaIrIn5 along two high-symmetry directions are displayed in Figure 1(d) and (e). Along the Γ′ -M′ direction,
three bands cross the Fermi level, which are assigned to the
α, β and γ, respectively. Among these bands, the holelike γ
band encloses the BZ along the Γ′ -X′ direction, as shown in
Figure 1(b) and (c). The bottom of the α band is around 1 eV
below EF . Similarly, one holelike band γ around the Γ′ point
and two electronlike bands α and β centered at the M′ point
are shown in the ARPES data along the X′ -M′ direction in
Figure 1(e) and (f).
Orbital-selective properties are widely observed in d and
f electron systems. Diﬀerent orbitals usually behave diﬀerently as the external condition changes [22, 23]. To better
understand the orbital properties of materials, it is quite important to reveal the symmetry of diﬀerent orbitals. ARPES
technique with diﬀerent polarized lights is a powerful tool

to illustrate the orbital symmetry. To reveal how f electrons
manifest themselves in the 115 system and the influence of
diﬀerent photon polarizations on the electronic states, a comparison between LaIrIn5 and CeIrIn5 with diﬀerent photon
polarizations is presented in Figure 2.
To illustrate the behaviors of the additional f electrons in
CeIrIn5 , Fermi surface mapping comparison between LaIrIn5
and CeIrIn5 is presented in Figure 2(b) and (e). One pronounced character in CeIrIn5 is the largely enhanced intensity around the Γ′ point, which is originated from the f electrons, while the electron pocket α around the M′ point does
not change much. To have a detailed comparison, larger α
and β pockets and a smaller γ pocket can be distinguished
in CeIrIn5 compared with LaIrIn5 in Figures 2(b), (e) and
3. Three flat bands can be observed in CeIrIn5 , locating at
2.3 eV, 0.27 eV and 20 meV binding energy, respectively,
which are absent in LaIrIn5 , as shown in Figure 2(c) and (d).
The energy positions of these three bands can be more clearly
determined from the integrated energy distribution curves
(EDCs) in Figure 2(h) and (i). The three bands correspond
to the 4f0 , 4f17/2 and 4f15/2 states respectively, the intensities of
which are strongly enhanced with the on-resonant condition.
While the 4f15/2 state is more obvious with the LV polarized
light. A broad two-peak structure near 2.3 eV binding energy
can also be observed from the EDCs of LaIrIn5 in Figure 2(h)
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Figure 2 (Color online) Valence band structure of LaIrIn5 and CeIrIn5 taken with 121 eV photon energy. (a) Experimental setup for ARPES measurements.
Photoemission intensity maps with LV polarized incident light for (b) LaIrIn5 and (e) CeIrIn5 . The Fermi surface maps are integrated over a window of
[EF − 10 meV, EF + 10 meV]. (c), (d) Valence band structures of LaIrIn5 with LV and LH polarized lights, respectively. (f), (g) Valence band structures of
CeIrIn5 with LV and LH polarized lights, respectively. (h) The angle integrated results of the ARPES data in (c) and (f). (i) The angle integrated results of the
ARPES data in (d) and (g). The ARPES data in (e)-(g) can be found in ref. [14]. The dashed ellipses in (c) and (f) mark the cross-like band structures.
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Figure 3 (Color online) Quantitative analysis of the pocket changes between LaIrIn5 and CeIrIn5 taken with 121 eV LV polarized incident light. The curvature
intensity plots and the corresponding MDCs of the α band around the M′ point for (a1), (a2) LaIrIn5 , (b1), (b2) CeIrIn5 at 210 K, and (c1), (c2) CeIrIn5 at
7.8 K, respectively. The curvature intensity plots and the corresponding MDCs of β and γ bands around the Γ′ point for (d1), (d2) LaIrIn5 , (e1), (e2) CeIrIn5
at 210 K, and (f1), (f2) CeIrIn5 at 7.8 K, respectively. kM′ represents the wavevector of the M′ point. Dashed lines are guides to the eyes. In the stack plots of
MDCs in (a2)-(f2), the binding energy below EF is varied from 0.5 eV (bottom profile) to 0 eV (top profile) with the same energy steps. The Fermi crossing
values are the average ones between the values in the negative part and positive part relative to the Γ′ point.
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and (i), which is attributed to the Ir 5d orbitals. We find the
cross-like band in Figure 2(c), marked with dashed ellipse, is
located at 1.54 eV binding energy for LaIrIn5 , while its location changes to 1.61 eV for CeIrIn5 in Figure 2(f). This
implies an energy shift of ∼ 0.07 eV between the band structures of LaIrIn5 and CeIrIn5 .
To determine the variation of the Fermi surface from
CeIrIn5 to LaIrIn5 quantitatively, a detailed analysis of the
Fermi crossings of the three bands is shown in Figure 3. The
f electrons of CeIrIn5 are totally localized at high temperature
and become itinerant as the temperature decreases. This phenomenon was well demonstrated by previous ARPES measurements and DFMT calculations [7, 14]. As the reference
compound of CeIrIn5 , LaIrIn5 can be regarded as the totally
localized CeIrIn5 because of the absence of f-electron contributions, which is quite similar to CeIrIn5 at high temperature. However, accurate comparison between CeIrIn5 and
LaIrIn5 is still lacking. First, we compare the electronic
structures of LaIrIn5 and CeIrIn5 at 210 K. This temperature is much higher than the coherent temperature of CeIrIn5
(∼ 50 K) [24] and the f electrons of CeIrIn5 can be regarded
as totally localized. We find the Fermi crossings of the α,
β and γ bands all change from LaIrIn5 to CeIrIn5 (210 K).
The Fermi crossing of the α (β) band becomes larger from
−1
−1
−1
kM′ ± 0.336 Å (kM′ ± 0.599 Å ) to kM′ ± 0.390 Å
−1
(kM′ ± 0.619 Å ) in Figure 3(a), (b), (d), and (e), indicating the enlarged Fermi surface volumes of the α and β pockets. For the γ band, its Fermi crossing becomes smaller from
−1
−1
±0.185 Å to ±0.128 Å in Figure 3(d) and (e), indicating
the decreased Fermi surface volume of the γ pocket. Consequently, we confirm the electronic structures of LaIrIn5 and
CeIrIn5 (210 K) are not the same and the reason will be discussed in Figure 4. Furthermore, we compare the electronic
structure of CeIrIn5 at diﬀerent temperatures in Figure 3 and
find the volumes of the three pockets continue to change.
As the temperature decreases to 7.8 K, the Fermi crossings
−1
of the α and β bands become larger from kM′ ± 0.390 Å
−1
−1
−1
(kM′ ± 0.619 Å ) to kM′ ± 0.402 Å (kM′ ± 0.646 Å ).
For the γ band, the Fermi crossing becomes smaller from
−1
−1
±0.128 Å to ±0.110 Å . We can find obvious band bending phenomenon of the γ band as temperature decreases in
Figure 3(e) and (f). At high temperature, the γ band crosses
the Fermi level nearly linearly, while it bends to the Γ′ point
as temperature decreases. The changes of the Fermi pockets
of CeIrIn5 at diﬀerent temperatures originate from the Kondo
hybridization between the f electrons and conduction electrons. As the temperature decreases, the CeIrIn5 compound
also goes through a transition from a “small” Fermi surface
to a “large” one. The Fermi crossing changes of the α, β
and γ bands are similar to those in CeCoIn5 [25]. Besides, as
the temperature decreases, the hybridization in CeIrIn5 shows
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band-dependent behaviors, which mainly occurs between the
Ce 4f states and the γ band, and the relatively large Fermi
crossing changes as can be found in Table 1, are similar to
those in CeRhIn5 [15].
The electronic structure calculation results for bulk LaIrIn5
and CeIrIn5 are presented in Figure 4. The three-dimensional
Fermi surfaces of LaIrIn5 are shown in Figure 4(a)-(c). The
observed three bands agree with our ARPES experiments
and the dHvA results in refs. [21, 26]. The α band is quite
two-dimensional while the β and γ bands are rather threedimensional. The overall electronic band structure of LaIrIn5
shown in Figure 4(d) is quite similar to that of the totally localized CeIrIn5 , where the f orbitals are treated as the core
level state. However, there are still some diﬀerences between
the two compounds: momentum values of the Fermi crossings of the three bands α, β and γ all change, indicating the
increased pocket sizes of the α and β bands and the decreased
pocket size of the γ band, as shown in Table 2. Although
the experimental absolute values of the Fermi crossings of
the three bands are diﬀerent from the theoretical ones, the
changes of the pockets of the experimental and theoretical
results follow the same trend. We notice that there is also
an energy shift of ∼ 0.1 eV between the band structures of
LaIrIn5 and CeIrIn5 , which is consistent with the experimental results in Figure 2, and the shift plays an important role
in inducing the Fermi-crossing diﬀerence of the three bands.
This may result from the atomic potential diﬀerence between
Ce3+ and La3+ .

4 Discussion
It is noteworthy that the lattice constants between CeIrIn5 and
LaIrIn5 are diﬀerent. There are three key parameters related
to the lattice constants of the 115 systems, namely a, c and
z ln 2. To study the influence of the above three key parameters to the electronic structure, we change the lattice parameters of LaIrIn5 one by one to see what will happen. For example in Figure 4(e), we fix the lattice parameters c (7.5788 Å)
and z ln 2 (0.30766) of LaIrIn5 and change its parameter a
(4.6897 Å) to the value of CeIrIn5 (4.674 Å). We find that
the electronic structure is barely changed. In Figure 4(f), we
change the parameter c of LaIrIn5 to the c of CeIrIn5 and
find the Fermi crossings change a little. All the absolute values of the Fermi crossings of the three bands become larger,
which is opposite to the experimental results. In Figure 4(g),
we change the parameter z ln 2 of LaIrIn5 to the parameter
z ln 2 of CeIrIn5 and find the Fermi crossings also have small
changes. All the absolute values of the Fermi crossings of the
three bands become smaller, which is in the same trend with
the experimental results. At last, we change all the three lattice parameters of LaIrIn5 to those of CeIrIn5 and find there
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Figure 4 (Color online) Calculated electronic structure for bulk LaIrIn5 and CeIrIn5 . (a)-(c) Calculated three-dimensional Fermi surface of LaIrIn5 . The three
Fermi surface sheets in (a)-(c) correspond to the α, β, γ pockets, respectively. (d) Calculated band structure of LaIrIn5 and CeIrIn5 along the high symmetry
directions. The f electrons in CeIrIn5 are treated as core states. (e)-(g) The influence of lattice parameters on the electronic structure of LaIrIn5 . The lattice
parameter (e) a, (f) c or (g) z ln 2 of LaIrIn5 is replaced by the corresponding parameter of CeIrIn5 , respectively. When one lattice parameter changes, the other
two parameters are fixed as the same with LaIrIn5 . (h) All the three lattice parameters a, c and z ln 2 of LaIrIn5 are changed to the corresponding values of
CeIrIn5 .
Table 1 The summary of the Fermi crossing momentum changes for the α, β and γ bands. The momentum values for α and β are relative to the M′
point, while the values for γ are relative to the Γ′ point. Fermi crossing changes 1 [2] and Fermi volume changes 1 [2] represent the estimated changes
from LaIrIn5 to CeIrIn5 (210 K) (CeIrIn5 (210 K) to CeIrIn5 (7 K)). Considering the rather two-dimensional character of α pocket and assuming an isotropic
expansion, we obtain the Fermi volume changes of the α pocket. For the β and γ pockets, we use the same approximation with that of α pocket. Because of
the three-dimensional characters of β and γ pockets, the Fermi volume changes of the two pockets may be not very accurate

Bands
α

Fermi crossing momentums (Å−1 )

Fermi crossing changes (%)

Fermi volume changes (%)

LaIrIn5

CeIrIn5 (210 K)

CeIrIn5 (7 K)

1

2

1

2

0.336 ± 0.003

0.390 ± 0.013

0.402 ± 0.011

+11.6

+3.1

+34.7

+6.2

β

0.599 ± 0.003

0.619 ± 0.009

0.646 ± 0.010

+3.2

+4.4

+6.5

+8.9

γ

0.185 ± 0.004

0.128 ± 0.005

0.110 ± 0.004

−30.8

−14.1

−52.1

−26.2

Table 2 The summary of the Fermi crossing momentum values for α, β
and γ bands by DFT calculations. The momentum values for α and β are
relative to the M point, while the values for γ are relative to the Γ point.
The unit of all the momentum values in the table is Å−1
Bands

LaIrIn5

CeIrIn5

Changes (%)

α

0.3071

0.3266

+6.3

β

0.7110

0.7176

+0.9

γ

0.2061

0.2018

−2.1

is nearly no change. Consequently, lattice parameters are not
the main reason to induce the electronic structure diﬀerence
between the two compounds.

Actually, changes of the electronic structure between Ceand the reference La-based compounds can also be found in
other heavy fermion compounds, such as CeRu2 Ge2 and its
reference compound LaRu2 Ge2 [27]. EF shift of CeRu2 Ge2
in the paramagnetic phase compared with LaRu2 Ge2 is
thought to be due to the increased number of the electrons contributing to the near EF bands in the paramagnetic
CeRu2 Ge2 , where the weak but nonnegligible hybridization
of the Ce-4f electron should be additionally taken into account. That is to say, even at high temperature, the f electrons can also aﬀect the band structure. Actually, we notice
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that the 4f17/2 states in CeCoIn5 are still remarkable at 310 K
[25]. We also find that the f-electron count in CeCoIn5 is still
larger than zero even at the temperature much higher than the
coherent temperature [28]. This situation should be similar
to CeIrIn5 , whose c-f hybridization strength is stronger than
CeCoIn5 [22]. The nonzero f-electron count contributes to
the EF shift and diﬀerent pocket sizes between CeIrIn5 and
LaIrIn5 .
Except for the lattice constant and the f-electron contribution, actually another factor, namely the inner potential V0
of the two materials, also should be taken into consideration.
Usually ARPES is widely used to detect the band structure
of compounds. When we use diﬀerent photon energies, we
can obtain the band structure in diﬀerent kz planes. This phenomenon can be well explained by the following equation:

Table 3 [32]. This is mainly because the appearance of f
spectral weight by ARPES indicates that the f electrons start
to hybridize with the conduction electrons, while the coherent temperature is when the coherent state forms. These
two diﬀerent energy scales correspond to diﬀerent involved
physics [28]. It is also noteworthy that other influence factors, such as surface eﬀect, should also be taken into account,
since ARPES is a surface sensitive technique.

√
(
)
1
2m Ekin cos2 θ + V0 ,
(1)
~
where m is the electron mass, Ekin is the kinetic energy of
photoelectrons, and θ is the angle between the photoelectrons
and the normal line of sample surface. V0 is the inner potential, which can influence the measured kz plane with a certain
photon energy. It is not easy to determine the inner potential of one material quite accurately. The inner potential of
CeIrIn5 is estimated to be in the range of 12-15 eV [29, 30],
while for LaIrIn5 , it has never been reported. Possibly the
kz position measured here by our ARPES for LaIrIn5 and
CeIrIn5 with the same photon energy 121 eV is also diﬀerent, which can also give rise to some diﬀerence between the
electronic structures of the two compounds.
The character of f electrons is essential to understand the
exotic physical properties in rare earth based compounds.
Here a summary of how f electrons behave in the heavy
fermion Ce-115 systems by ARPES is given [14, 15, 25, 31].
First, we focus on the similarities of f electrons among
CeCoIn5 , CeRhIn5 and CeIrIn5 .
(1) The f electrons are all localized at high temperature in
the three compounds, and exhibit localized-to-itinerant transitions as the temperature decreases. The main feature of the
itinerant f electrons is the largely enhanced f spectral weight
near the Fermi level, which mainly results from the hybridization between the f electrons and conduction electrons. Only
partial f electrons take part in the Fermi surface construction
at the lowest measuring temperature, and the main contribution of f electrons is mainly around the Γ point. When the
f electrons hybridize with the conduction electrons, the volumes of the electron-like pockets increase, while the hole-like
pockets become smaller.
(2) The onset temperatures of f spectral weight by ARPES
are much higher than the corresponding coherent temperatures revealed by transport measurements as shown in

(5) The f electrons show strongest hybridization with the
conduction electrons in CeIrIn5 , while weakest in CeRhIn5 .
Crystal structure diﬀerence cannot explain the hybridization
strength diﬀerences among the three compounds [16]. Further research is needed to reveal the physical mechanism behind these phenomena.

kz =

(3) The hybridization between the f electrons and conduction electrons shows obvious band-dependence in the three
compounds. The most three-dimensional conduction band
shows the strongest hybridization strength with the f bands,
while the most two-dimensional band shows the weakest.
(4) All the three compounds possess crystal-field splitting
states.

(6) When Ce is replaced by La in CeCoIn5 and CeIrIn5 , all
the f electrons states disappear in the ARPES results. Moreover, the volumes of the hole-like pockets become larger,
while the electron-like pockets all become smaller due to the
absence of c-f hybridization.
(7) The electronic structure of LaIrIn5 is not the same with
that of CeIrIn5 at high temperature. There is a large energy
shift between the electronic structures of LaIrIn5 and CeIrIn5 .
The contribution of f electrons is also non-negligible at high
temperature.
However, there are still some diﬀerences among the three
compounds. According to the two-fluid model [33], the hybridization eﬀectiveness f0 , which is a reflection of the hybridization strength, is the key order parameter to decide the
ground state of Kondo lattice systems. If f0 < 1, where the
hybridization strength is weak, the ground state should be antiferromagnetic. If f0 > 1, the ground state should be a Fermi
liquid state. f0 = 1 separates weak and strong hybridizing
materials. Among the Ce-115 systems, the ground state of
CeRhIn5 is antiferromagnetic, implying the weak hybridization strength, consistent with our ARPES measurements [15].
CeIrIn5 and CeCoIn5 are both superconductors at low temperTable 3
The comparison between coherent temperatures and onset
temperatures of f weight of Ce-115 systems revealed by ARPES [32]
(unit: K)
Temperature

CeCoIn5

CeRhIn5

CeIrIn5

Coherent

50 ± 10

20 ± 5

40 ± 10

f weight onset

130 ± 15

120 ± 15

145 ± 15
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ature. CeIrIn5 possesses the strongest hybridization strength,
but its superconductivity temperature is lower than that of
CeCoIn5 . This may be due to the relatively weak magnetic
quantum fluctuations in CeIrIn5 .

5 Conclusions
To summarize, the electronic structures of LaIrIn5 and
CeIrIn5 are reported here by ARPES and band structure calculations. The valence band structures of the two materials
are similar to each other, except for the absence of f bands
in LaIrIn5 . The Fermi surface volume also changes from
LaIrIn5 to CeIrIn5 . The volumes of the electron pockets α
and β around the M′ point become larger from LaIrIn5 to
CeIrIn5 , while the hole pocket γ around the Γ′ point becomes
smaller. This is mainly due to the finite f-electron count contributions to the band structure, while the lattice constants
diﬀerences only have a finite influence. Furthermore, we give
a discussion of how f electrons behave in the heavy fermion
Ce-115 system. Our results may be essential for the complete microscopic understanding of the 115 compounds and
the related heavy-fermion systems.
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